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ABSTRACT
We present a catalog of 34 diffuse features identified in X-ray images of the Galactic center taken with theChandra
X-Ray Observatory. Several of the features have been discussed in the literature previously, including seven that are
associatedwith a complex ofmolecular clouds that exhibits fluorescent line emission, four that are superimposed on the
supernova remnant Sgr A East, two that are coincident with radio features that are thought to be the shell of another
supernova remnant, and one that is thought to be a pulsar wind nebula only a few arcseconds in projection from Sgr A.
However, this leaves 20 features that have not been reported previously. On the basis of the weakness of the iron
emission in their spectra, we propose that most of them are nonthermal. One long, narrow feature points toward Sgr A,
and so we propose that this feature is a jet of synchrotron-emitting particles ejected from the supermassive black hole.
For the others, we show that their sizes (0.1–2 pc in length for D ¼ 8 kpc), X-ray luminosities (between 1032 and
1034 erg s1; 2–8 keV), and spectra (power laws with  ¼ 1–3) are consistent with those of pulsar wind nebulae. On
the basis of the star formation rate at the Galactic center, we expect that20 pulsars have formed in the last 300 kyr
and could be producing pulsar wind nebulae. Only 1 of the 19 candidate pulsar wind nebulae is securely detected in an
archival radio image of the Galactic center; the remainder have upper limits corresponding to LRP 1031 erg s1. These
radio limits do not strongly constrain their natures, which underscores the need for further multiwavelength studies of
this unprecedented sample of Galactic X-ray–emitting structures.
Subject headinggs: acceleration of particles — Galaxy: center — stars: neutron — supernova remnants —
X-rays: ISM
1. INTRODUCTION
The Galactic center is host to a high concentration of energetic
processes driven by the interplay between the energetic output of
several young star clusters, radiation and outflows powered by ac-
cretion onto the supermassive black hole Sgr A, and dense mo-
lecular clouds that have large turbulent velocities. The young stellar
population naturally explains the presence of themixed-morphology
supernova remnant Sgr A East (Maeda et al. 2002; Sakano et al.
2004; Park et al. 2005), a shell-like radio supernova remnant that
exhibits two regions of bright, nonthermal X-ray emission (Ho
et al. 1985; Lu et al. 2003; Sakano et al. 2003; Yusef-Zadeh et al.
2005), and at least two X-ray features that resemble pulsar wind
nebulae (e.g., Park et al. 2004;Wang et al. 2006). These processes
also produce astronomical phenomena unique to the Galactic cen-
ter. For instance, fluorescent iron emission is produced where
molecular clouds are bombarded by hard X-rays from transient
sources (most likely Sgr A; Sunyaev et al. 1993; Koyama et al.
1996; Murakami et al. 2001a, 2001b; Park et al. 2004; Revnivtsev
et al. 2004; Muno et al. 2007). Finally, numerous milligauss-
strength bundles of magnetic fields illuminated by energetic elec-
trons produce radio (Yusef-Zadeh&Morris 1987;Nord et al. 2004;
Yusef-Zadeh et al. 2004) and sometimes X-ray emission (Wang
et al. 2002; Lu et al. 2003); the origin of these nonthermal fila-
ments is under debate.
The X-ray emission from the brightest of these features has
been described by various authors in the references above. How-
ever, whereas at radio wavelengths comprehensive catalogs of
H ii regions and nonthermal features near the Galactic center are
available (e.g., Ho et al. 1985; Nord et al. 2004; Yusef-Zadeh et al.
2004), no similar catalog has been produced in the X-ray band.
Here we remedy this by presenting a catalog of X-ray features
identified in images produced from1Ms ofChandra observations
of the central 20 pc of the Galaxy. We focus on features that are
clearly larger than theChandra point-spread function, but that are
smaller than1.50; i.e., we do not include in our catalog the bulk
of the emission from Sgr A East (Maeda et al. 2002) or the ap-
parent outflow oriented perpendicular to the Galactic plane and
centered on the Sgr A complex (Morris et al. 2003).
2. OBSERVATIONS
TheChandra X-Ray Observatory has observed the inner100
of the Galaxy with the Advanced CCD Imaging Spectrometer
imaging array (ACIS-I; Weisskopf et al. 2002) for a total of 1Ms
between 2000 and 2006 (Table 1; Baganoff et al. 2003;Muno et al.
2003).6The observationswere processed usingCIAOversion 3.3.0
and the calibration database version 3.2.2. We processed the event
lists for each observation by correcting the pulse heights of the
events for position-dependent charge transfer inefficiency, excluding
events that did not pass the standard ASCA grade filters and
Chandra X-Ray Center (CXC) good-time filters, and removing
5.7 ks of exposure during which the background rate flared to
3  above the mean level. We then refined the default estimate
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of the detector positions of each photon received by applying the
single-event repositioning algorithm of Li et al. (2004). Finally,
we applied a correction to the absolute astrometry of each point-
ing in two steps. First, for the deepest observation, we aligned the
positions of 23 foregroundX-ray sources detected at energies be-
low 2 keVwithin 50 of the aim point to sources in the TwoMicron
All Sky Survey (2MASS) catalog (Skrutskie et al. 2006). Second,
we registered the remaining observations to the deepest one by
comparing the locations of X-ray sources in each image. The re-
sulting astrometric frame should be accurate to 0.200. A composite
image of the field is displayed with 200 resolution in Figure 1.
2.1. Identification of Diffuse Features
We searched for diffuse features using two independently de-
veloped wavelet-based algorithms. For the first, we used the stan-
dard CIAO tool wavdetect (Freeman et al. 2002) to search for
sources, and we identified candidate diffuse features from the re-
sulting list by searching the raw images (no images were smoothed
for this work) by eye for sources with sizes larger than that of the
point-spread function (PSF).We ran our search using nine compo-
site images, composed of three energy bands (the full 0.5–8.0 keV
band, the 0.5–2.0 keV band, to increase our sensitivity to fore-
ground sources, and the 4–8 keV band, to increase our sensitivity
to highly absorbed sources) and three spatial resolutions (primarily
for computational efficiency: the full 0.500 resolution for the inner
1024 ; 1024 pixels, 100 resolution covering the inner 2048 ; 2048
detector pixels, and 200 resolution covering the entire image). For
the purposes of source detection only, we removed events that had
been flagged as possible cosmic-ray afterglows. We employed the
default ‘‘Mexican hat’’ wavelet and used a sensitivity threshold
that corresponded to a 107 chance of detecting a spurious source
per PSF element if the local background is spatially uniform. We
expect roughly one spurious source in our field. We used wavelet
scales that increased by a factor of
ﬃﬃﬃ
2
p
: 1–4 pixels for the 0.500 im-
age, 1–8 pixels for the 100 image, and 1–16 pixels for the 200 image.
The final source list was the union of the lists from the three im-
ages taken at different pixel scales and energies. Sourceswere iden-
tified as duplicates if they fell within the average radius of the 90%
encircled-energy contour for the PSF for 4.5 keV photons at the
position of the source. When duplicate sources were found in the
list, we retained the positions from the list derived from the highest
resolution images, either the finest pixel scale or the lowest energy
band. Among the list of 2933 sources identified with wavdetect,
we selected 73 candidate diffuse features.
For the second search, we used the wavelet reconstruction
algorithm of Starck et al. (2000). The algorithm searched for fea-
tures in the 0.5–8.0 keV band image that were significant at the
3  level. The results of the decomposition were used to create
an image of the field, and then a multiscale vision model was
used to extract the structural parameters of both pointlike and ex-
tended sources. We defined as extended those sources that either
(1) were clearly anisotropic, for which the ratio of the major to
minor axes were greater than 1.8, or (2) appeared extended, in
that their major and minor dimensions were at least 3  larger
than the mean values at that offset from Sgr A. In total, the
algorithm tabulated 2709 objects, of which we identified 91 as
anisotropic and 80 as unusually large, for a total of 171 extended
sources.
We then compared the lists of candidate sources and found
that only 36 objects were identified using both wavelet analyses.
All of the sources that were only in one of the two lists were faint,
and visual inspection suggested that manywere likely to be close
alignments of point sources. We examined this hypothesis by
extracting the average spectra of these faint features (the tech-
nique is described in x 2.2). We found that the average spectrum
could be described as a ¼ 0:6 power law absorbed by a column
density of NH ¼ 1 ; 1023 cm2, along with line emission at
6.7 keV from He-like Fe with an equivalent width of 220 eV.
TABLE 1
Observations of the Inner 20 pc of the Galaxy
Aim Point
Start Time
(UT) Sequence
Exposure
(s)
R.A.
(J2000.0; deg)
Decl.
(J2000.0; deg)
Roll
(deg)
2000 Oct 26 18:15:11.................. 1561 35705 266.41344 29.0128 265
2001 Jul 14 01:51:10................... 1561 13504 266.41344 29.0128 265
2001 Jul 17 14:25:48................... 2284 10625 266.40417 28.9409 284
2002 Feb 19 14:27:32 ................. 2951 12370 266.41867 29.0033 91
2002 Mar 23 12:25:04................. 2952 11859 266.41897 29.0034 88
2002 Apr 19 10:39:01 ................. 2953 11632 266.41923 29.0034 85
2002 May 07 09:25:07 ................ 2954 12455 266.41938 29.0037 82
2002 May 22 22:59:15 ................ 2943 34651 266.41991 29.0041 76
2002 May 24 11:50:13 ................ 3663 37959 266.41993 29.0041 76
2002 May 25 15:16:03 ................ 3392 166690 266.41992 29.0041 76
2002 May 28 05:34:44 ................ 3393 158026 266.41992 29.0041 76
2002 Jun 03 01:24:37.................. 3665 89928 266.41992 29.0041 76
2003 Jun 19 18:28:55.................. 3549 24791 266.42092 29.0105 347
2004 Jul 05 22:33:11................... 4683 49524 266.41605 29.0124 286
2004 Jul 06 22:29:57................... 4684 49527 266.41597 29.0124 285
2004 Aug 28 12:03:59 ................ 5630 5106 266.41477 29.0121 271
2005 Feb 27 06:26:04 ................. 6113 4855 266.41870 29.0035 91
2005 Jul 24 19:58:27................... 5950 48533 266.41520 29.0122 277
2005 Jul 27 19:08:16................... 5951 44586 266.41514 29.0122 276
2005 Jul 29 19:51:11................... 5952 43125 266.41509 29.0122 275
2005 Jul 30 19:51:11................... 5953 45360 266.41508 29.0122 275
2005 Aug 01 19:54:13................. 5954 18069 266.41505 29.0122 275
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This spectrum is similar to those offaint pointlike sources inMuno
et al. (2004b), which supports our hypothesis that these are not
truly extended features.
At the same time, at least one feature previously identified as
extended is not identified as such by either algorithm: CXOGC
174545.5285829, the candidate neutron star suggested to be as-
sociated with Sgr A East by Park et al. (2005). Our difficulty in
automatically identifying this source as diffuse probably stems
from the faintness of the extended portion of its emission. There-
fore, we caution that our algorithm for identifying extended fea-
tures (1) is certainly not complete, in the sense that it could miss
extended features, and (2) contains spurious features that are chance
alignments of point sources.
We have mitigated the second problem by examining only the
34 sources that are found through both wavelet-based algorithms.
The remaining 172 objects will be flagged as being ‘‘possibly
extended’’ in an updated catalog of the pointlike sources that we
are preparing. In Figures 1–3, we display images with the 34 dif-
fuse features marked. In Figure 1, we display the entire field, but
for readability we only mark the locations of features with offsets
of at least 60 from Sgr A and plot boxes around portions of the
field closer to the aim point that contain diffuse features. These
subregions are displayed in Figures 2 and 3. The clustering of
sources in the center of the image results mostly from the fact that
the Chandra PSF is smallest near the aim point, which gives us
the ability to identify 100 features as extended.
2.2. Photometry and Spectroscopy
In order to compute the number of X-ray events received from
each source, we drew by hand polygonal or elliptical regions en-
closing each of the candidate diffuse features. The regions are
plotted in Figures 1–3. We estimated the background counts in
each region using surrounding annular regions that contained
1000 total counts, after excluding both the diffuse features and
circles enclosing 92% of the photons from each point source (re-
gions excluding larger fractions of the PSFwould cover the inner
part of the image, leaving no events suitable for estimating a local
background). We then computed approximate photon fluxes by
dividing the net counts received in each of four energy bands—
0.5–2.0, 2.0–3.3, 3.3–4.7, and 4.7–8.0 keV—by the mean effec-
tive area derived using the CIAO tool mkacisarf. These energy
bands were chosen to contain roughly equal numbers of counts,
and so that the effective area in each energy range was roughly
constant (Muno et al. 2003). In Table 2 we report the mean lo-
cation, net counts, and estimated photon fluxes for each source.
To estimate the intrinsic slopes of the spectra and the absorp-
tion toward each source, we computed two hardness ratios. Fol-
lowingMuno et al. (2003), we defined the ratios as the fractional
difference between two energy bands, (h s)/(hþ s), where h is
the number of counts in the hard band and s is the number of
counts in the soft. The soft color was calculated using h as the
2.0–3.3 keV band and s as the 0.5–2.0 keV band, and it wasmost
sensitive to the absorption toward each source. The hard color
was calculated using h as the 4.7–8.0 keV band and s as the 3.3–
4.7 keV band, and it provided a good measure of the intrinsic
hardness of a source (Muno et al. 2004b). We list the hardness
ratios in Table 2 and plot them as a function of the 0.5–8.0 keV
photon fluxes in Figure 4. We also plot the hardness ratios and
fluxes that we would expect for a variety of spectral shapes and
luminosities and a single absorption column of 6 ; 1022 cm2 of
gas and dust, which are shown with the thick black lines.
We find that all but one of the diffuse sources have soft colors
greater than0.175, which implies that they are absorbed byNH >
4 ; 1022 cm2 of interstellar medium. This suggests that these
sources lie near or beyond the Galactic center. One source,
G359.9770.076 (source 21 in Table 2), has a soft color of only
0:4þ0:30:4, which implies that it is less absorbed and probably lies
within a few kpc of Earth. The luminosities of these sources,
Fig. 1.—Chandra image of the entire survey region, binned to 200 resolution. The numbered boxes denote subimages that are displayed in Figs. 2 and 3.
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assuming they lie atD ¼ 8 kpc, are between 1032 and 1034 erg s1,
and in general their hard colors imply that their spectra are consis-
tent with either a power lawwith photon index  1–2 or a kT >
3 keV thermal plasma. For comparison, in Figure 4 we have also
plotted contours denoting the locations of the pointlike sources in
this diagram (Muno et al. 2004b). We find that the diffuse sources
are slightly softer, with amedian hard color of 0.1, compared to 0.2
for the point sources.
We then modeled the spectra of the brightest sources in more
detail. Spectra were created by binning the source and background
events over their pulse heights. The background-subtracted spec-
tra were then grouped such that each bin had a signal-to-noise
ratio of at least 5. We found that because of their extended nature
and the high background in the image, sources required400 net
counts in order to provide four independent spectral bins, which
is required for us to constrain independently the interstellar ab-
sorption and a two-parameter continuummodel. For those sources
with enough signal, the observed spectra were compared with
models of an absorbed power law using the 2 minimization
implemented in XSPEC version 12.2.0 (Arnaud 1996). The ef-
ficiency and energy resolution of the detector were characterized
using the above effective-area function and the energy response
computedusingmkacisrmf. Representative spectra of three sources
are displayed in Figure 5. Most of the sources could be adequately
described by these simple absorbed continuummodels, but this was
largely a result of the low signal-to-noise ratio. The spectral param-
eters are consistent with those that would be derived from Figure 4.
However, the models did not adequately describe several of
the sources withk1000 net counts, and visual inspection revealed
that these exhibited strong emission from low-ionization Fe at
Fig. 2.—Chandra images of regions near the aimpoint of the survey that contain diffuse features. The coordinates of the center of each image and its number fromFig. 1 are
printed at the bottom of each image. The images are displayed at the full 0.500 resolution of the detector and telescope. No smoothing has been applied. Diffuse features that are
included in our catalog are outlined in white.
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6.4 keV (see also Park et al. 2004). Therefore, for all sources for
which the spectra contained at least five independent spectral bins,
we attempted to model the spectra as the sum of a power law plus
Gaussian line emission at 6.4 keV, absorbed by the interstellar
medium. If the addition of a line to the model resulted in a de-
crease in the reduced 2, we tested the significance of the added
line using Markov chain Monte Carlo simulations of an F-test, as
described in Arabadjis et al. (2004) andMuno et al. (2004b). The
F-value is given by
F ¼ 
2
s  2c
s  c
s
2s
; ð1Þ
where 2s and s are the values of 
2 and the number of degrees
of freedom, respectively, for the model without the line, and 2c
and c are the same values for the model with the line. We sim-
ulated a set of 100–1000 spectra with parameters that were con-
sistent with the measured parameters of the source (the Markov
chain) and computed a theoretical distribution of theF-value under
the assumption that no line was present. If the observed value of
F exceeded the theoretical distribution under the null hypothesis
in all of 100–1000 trials, we considered a line to be detected with
>99%–99.9% confidence. In Table 3, we list the parameters of the
best-fit absorbed power law for each source wemodeled, as well as
either the measured value of the equivalent width of the 6.4 keV
iron line or an upper limit to that value. We performed a similar
search for the 6.7 keV line from the He-like 2–1 transition of Fe
and only found one source with such a line, G359.9420.045
(source 2 in Table 2). The upper limits to the equivalent widths of
the 6.7 keV lines from the other sourceswere generally 25%higher
than those on the 6.4 keV lines for the cases in which neither line
was detected.
Finally, for the 20 faintest features, we extracted their average
spectrum (Fig. 6). The background was computed from an ellip-
tical region enclosing all of the sources, but excluding the Sgr A
complex. The effective area functionwas computed usingmkwarf,
and the response function was computed using mkacisrmf. We
found that the spectrum could bemodeled as a ¼ 1:3þ0:10:2 power
law absorbed by NH ¼ (1:2  0:1) ; 1023 cm2, along with a
6.7 keV iron line with an equivalent width of 150þ3070 eV (
2 / ¼
92:0/88). The spectrum of the emission from these diffuse fea-
tures is slightly steeper than that of the faint point sources (with
 ¼ 0:9), and theHe-like Fe emission isweaker (400  60 eV for
point sources; Muno et al. 2004b). This suggests that some, but
not all, of these faint features are produced by chance alignments
of point sources. Alternatively, the presence of the He-like Fe line
could be explained if a diffuse thermal plasma contributes some
of the flux. We therefore also modeled the emission as a non–
equilibrium-ionization plasma and found a best-fit temperature
of kT ¼ 20þ165 keV, metal abundances of 0:31þ0:50:5 times solar,
an ionization timescale of  ¼ net ¼ 9þ22 ; 1010 s cm3, and an
absorption column of NH ¼ 1:1þ0:50:6 ; 1023 cm2. We examine
whether it is reasonable to presume that these diffuse features are
composed of hot plasma in x 3.
2.3. Radio Fluxes
Several diffuse X-ray features elsewhere in the Galactic center
regionhave been associatedwith radio sources (Sakano et al. 2003;
Fig. 3.—Chandra images of regions near50 from the center of the survey that contain diffuse features, as in Fig. 2. The images are binned to 100 resolution. Diffuse
features that are included in our catalog are outlined in white.
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.
Lu et al. 2003; Yusef-Zadeh et al. 2005). Therefore, we have ex-
amined an archival image of the Galactic center taken at 6 cm
with the Very Large Array (VLA; Yusef-Zadeh &Morris 1987)7
in order to search for counterparts to the X-ray features. The im-
age is displayed in Figure 7, with the regions from Figures 1–2
overlaid. The beam size was 3:400 ; 2:900. To compute fluxes for
each feature contained within the radio image, we integrated the
source flux over each feature and the background flux from an
annular region around the feature and subtracted the two. The
background region had a minimum radius of 500 for the most com-
pact features and was set to be 50% bigger than the radius of the
source region for the larger features. As an estimate of the uncer-
tainty in the fluxmeasurement, we computed the standard deviation
of the flux from the source region. The fluxes and standard devi-
ations are listed in Table 2.
Using the image in Figure 7, we obtained upper limits to the
radio fluxes for themajority of the sources. The limits ranged from
a few mJy at an offset of k10 from Sgr A to tens of mJy for ob-
jects located within the bright radio emission of the Sgr A com-
plex. Only three sources have radio fluxes measured above the 5 
level: G359.9500.043 (source 4 in Table 2), G359.8990.065
(source 23 inTable 2 and source F inYusef-Zadeh et al. 2005), and
G359.9590.027 (source 14 in Table 2). Of these, we believe that
the association between the radio and X-ray emission is physical
only for the latter two sources.G359.9500.043 (source 4) lies on
the ‘‘minispiral,’’ a featurewith prominent hydrogen recombination
emission in the optical and radio, and is therefore not hot enough to
be an X-ray source on its own (kT  1 eV; Scoville et al. 2003).
Two regions (G0.0210.051 and G0.0320.056; sources 28
and 29, respectively, in Table 2) with offsets of >4.50 that fell
within the image contained negative artifacts left by the clean-
ing algorithm, so we could not compute fluxes for them. Better
measurements and limits would require a dedicated reanalysis of
the archival VLA observations, which is beyond the scope of this
paper.
3. DISCUSSION
We can roughly divide the diffuse features in the Galactic cen-
ter into two groups on the basis of their spectral properties and
sizes. Three of the four features with areas larger than 100 arcsec27 Available at http://adil.ncsa.uiuc.edu/QueryPage.html.
Fig. 5.—Example spectra of diffuse features. The upper panels contain the spectra
in units of detector counts per second ( plus signs) and the best-fit model convolved
with the telescope and instrument response (solid line). The lower panels contain
the residuals after subtracting the best-fitmodels from the data, in units of the statis-
tical uncertainty on the observed spectra. The spectra are modeled with power-law
continua and Gaussian lines (if necessary), both of which are absorbed interstellar
gas and dust. Three examples are given: (a) a feature that contains a strong 6.4 keV
line from low-ionization Fe, (b) a bright nonthermal feature lacking line emission,
and (c) a faint source for which there is not a good constraint on the presence or
absence of line emission.
Fig. 4.—Color-intensity diagram for the diffuse features. The hard color is
defined as (h s)/(hþ s), where h is the number of counts in the 4.7–8.0 keV band
and s is the number of counts in the 3.3–4.7 keV band. The solid lines illustrate the
hard colors and photon fluxes expected for thermal plasma with a range of temper-
atures (asmarked on the right) and luminosities (LX ¼ 1032, 1033, and 1034 erg s1
from left to right, forD ¼ 8 kpc in the 0.5–8.0 keV band), and the dotted lines rep-
resent power laws with a range of photon indices and luminosities. The contours
drawn with the thin lines schematically illustrate the distribution of pointlike X-ray
sources in the color-magnitude diagram (Muno et al. 2004b). Diffuse features fainter
than2 ; 106 photons cm2 s1 havemean colors that are similar to those of the
point sources, which suggests that they could be chance alignments of point sources.
However, themean color of the brighter diffuse features (0.1) is lower than that of
the pointlike sources (0.2), which indicates that they are a distinct population.
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exhibit strong fluorescent iron emission with equivalent widths of
>500 eV (the exception is G359.8890.081, which wewill return
to shortly). These features are discussed extensively in Park et al.
(2004) and Muno et al. (2007) and are produced because hard
X-rays (>7 keV) from a transient source are being scattered by
molecular gas and causing iron to fluoresce. These features all lie
in the northeast of the field. In fact, this entire quadrant of the im-
age exhibits unusually strong diffuse FeK emission (equivalent
width 570 eV; Muno et al. 2004a). The features that we identify
in this paper are simply the brightest manifestations of this per-
vasive scattered and fluorescent emission, and they probably trace
regions of molecular gas with the highest optical depth. It is no-
table, however, that similar features are not seen toward other
clouds with similarly high optical depth, particularly those with
velocities of +20 km s1 and +40 km s1 just to the east of Sgr A
(e.g., Gu¨sten et al. 1981; Oka et al. 1998). The clouds that do not
exhibit fluorescent emission are slightly in the foreground of the
field, as they are seen to cast a shadow in the number of X-ray
sources along their lines of sight (Muno et al. 2003). The clouds
without associated X-ray emission must not intersect the light-
front of the transient that illuminated the fluorescent features.
The features with a surface area of<100 arcsec2 either exhibit
no evidence for iron emission at 6.4 keVor are too faint for such
emission to be detected. On the basis of their spectra, the X-ray
emission from these features must originate either from a hot ther-
mal plasma (kT k7 keV; Fig. 4) or from nonthermal processes
such as synchrotron or inverse Compton scattering. As we de-
scribe below, previous work on individual features suggests that
they have a variety of origins. This is the first paper to provide a
comprehensive compilation of their properties. For brevity, we
will refer to the features without obvious fluorescent iron emis-
sion as ‘‘streaks.’’ Below, we speculate about their natures.
TABLE 3
Spectral Parameters of the Diffuse Features
Number Object
NH
(1022 cm2)  Norm
EWFe
(eV) 2/
FX
(1014 erg cm2 s1)
LX
(1032 erg s1)
1.......................... G359.9450.044 15:3þ0:50:7 1:74þ0:100:13 2:7þ0:50:6 ; 104 <60 187.4/175 33 66
2.......................... G359.9420.045 9:3þ0:70:6 2:46þ0:190:16 1:7þ0:70:5 ; 104 <220 102.6/57 9 16
3.......................... G359.9440.052 4:7þ2:02:1 0:17þ0:260:33 5:0þ8:43:2 ; 107 <470 4.3/6 3 2
4.......................... G359.9500.043 5:8þ2:30:9 0:91þ0:400:18 5:2þ9:41:9 ; 106 <140 10.2/12 4 4
6.......................... G359.9560.052 3:3þ4:83:2 0:39þ0:950:47 1:7þ9:01:4 ; 107 . . . 1.0/1 1 1
7.......................... G359.9330.037 14:2þ5:92:0 1:59þ0:770:29 1:1þ5:20:6 ; 105 <170 6.7/9 2 3
8.......................... G359.9410.029 8:5þ3:42:7 0:44þ0:570:36 1:0þ3:00:7 ; 106 <180 6.6/5 2 2
9.......................... G359.9250.051 14:6þ4:02:9 1:77þ0:880:39 1:2þ5:20:8 ; 105 <2060 5.6/5 2 3
10........................ G359.9640.053 9:9þ0:90:8 1:64þ0:200:15 6:1þ2:71:8 ; 105 <70 43.0/53 11 17
11........................ G359.9650.056 9:3þ4:53:1 1:70þ0:750:41 1:0þ4:20:7 ; 105 . . . 6.4/3 2 3
13........................ G359.9620.062 4:2þ3:61:6 0:64þ0:360:39 1:2þ7:10:8 ; 106 . . . 6.6/2 2 2
14........................ G359.9590.027 16:5þ3:92:0 2:03þ0:760:31 0:4þ1:20:2 ; 104 <75 6.5/12 3 6
15........................ G359.9710.038 12:6þ2:01:7 1:74þ0:450:25 4:0þ5:32:0 ; 105 <130 32.8/22 6 10
17........................ G359.9210.030 17:1þ3:63:7 2:48þ0:870:55 3:8þ153:0 ; 105 <1300 5.0/5 1 3
20........................ G359.9040.047 2.2 1.1 4.4 ; 108 . . . 4.7/3 1 1
22........................ G359.9700.008 17:8þ3:22:7 2:22þ0:620:36 4:3þ9:82:7 ; 105 <110 5.9/11 2 6
23........................ G359.8990.065 26:2þ8:85:1 1:86þ1:050:85 1:3þ9:41:1 ; 105 . . . 4.4/3 1 3
24........................ G359.8970.023 12:7þ4:45:6 2:66þ1:060:60 2:1þ151:9 ; 105 . . . 0.1/1 1 2
25........................ G359.8890.081 29:3þ1:81:1 1:24þ0:270:18 1:3þ1:00:4 ; 104 <30 86.9/95 26 70
26........................ G0.0140.054 17:3þ4:07:6 0:11þ0:110:13 2:0þ0:44:0 ; 106 866þ300252 11.6/14 8 11
28........................ G0.0210.051 15:6þ4:48:5 0:51þ0:110:13 8:4þ1:81:8 ; 107 998þ378312 15.4/11 7 9
29........................ G0.0320.056 7:8þ1:21:4 1:27þ0:290:24 2:0þ1:40:9 ; 105 <110 26.6/27 8 10
31........................ G0.0390.077 10:4þ3:01:8 0:43þ0:130:12 6:3þ1:01:0 ; 106 661þ230183 28.8/28 11 13
32........................ G0.062+0.010 9:0þ5:11:4 1:83
þ0:21
0:36 3:3
þ1:0
0:8 ; 10
5 1576þ921895 22.8/11 6 9
33........................ G0.0970.131 20:1þ2:53:3 1:91þ0:060:07 4:7þ0:80:7 ; 104 1193þ275231 135.4/50 48 100
Notes.—All uncertainties are 1 , determined by varying the parameter of interest until 2 increased by 1.0. Limits on the equivalent width of the iron lines were
only computed when there were at least six independent spectral bins. The flux and luminosity were computed for the 2–8 keV band.
Fig. 6.—Combined spectra of the 20 faintest diffuse features, as in Fig. 5. Line
emission is detected at 6.7 keV, which suggests that there is a contribution either
from diffuse thermal plasma or pointlike X-ray sources to these diffuse features.
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3.1. Thermal Shocks
The possibility that some of the features are thermal is sug-
gested by the detection of the 6.7 keV line from He-like iron in
the combined spectra of the faint diffuse features (Fig. 6). How-
ever, this hypothesis requires that somemechanismmust be found
to confine the plasma. For a characteristic temperature of7 keV
and a luminosity of LX ¼ 1033 erg s1 (2–8 keV), the emission
measure is
R
nenH dV  n2eV ¼ 1 ; 1056 cm3, where ne is the
electron density, nH is the hydrogen density, and V is the volume
of the emitting region. The sizes of these features are typically
  20–100 arcsec2, which for D ¼ 8 kpc corresponds to pro-
jected areas of A  0:03–0.15 pc2. If we assume that the volume
is given by V ¼ A3/2, then the electron density of the plasma is
ne ¼ 133/450 L1/2X;33 cm3, where 50 is normalized to 50 arcsec2
and LX;33 is normalized to 10
33 erg s1 (2–8 keV). Therefore, the
pressure is P ¼ 1 ; 107ð Þ3/450 L1/2X;33 erg cm3. This pressure is300 times larger than that of the diffuse, kT  0:8 keV plasma
in the Galactic center (3 ; 1010 erg cm3) and 50 times larger
than the putative 8 keV plasma there (2 ; 109 erg cm3; Muno
et al. 2004a).8
Magnetic fields would have to be strong to confine this plasma:
B ¼ 23/850 L1/4X;33 mG. These field strengths are thought to be pres-
ent within radio-emitting filaments toward the Galactic center
(Morris & Serabyn 1996), but the average field at the Galactic
center may be significantly lower (e.g., LaRosa et al. 2005). Ther-
mal features could also be produced by shocks with velocities of
(4kT /3mp)1/2 ¼ 1200 km s1 (where mp is the proton mass
and  ¼ 0:5 for a plasma of electrons and protons). However,
there are no obvious candidates for the sources of the energy
powering these putative shocks; they are not arranged as part of a
shell, as would be expected if they originate from a supernova
(and the lack of metal lines would be puzzling; e.g., Bykov 2002),
and the known massive stars in the region are mostly located
within 3000 of Sgr A, which is several parsecs in projection from
these features (e.g., Krabbe et al. 1995; Paumard et al. 2006).
3.2. Supernova Remnants
Given the problems with assuming that these features are ther-
mal sources, we follow other authors and suggest that themajority
of these features are nonthermal. A few of theX-ray streaks appear
to be nonthermal particles accelerated in shocks where super-
nova remnants impact the interstellar medium. It has been noted
by several authors that G359.8890.081 and G359.8990.065
(sources 25 and 23 in Table 2) lie on part of a shell-like feature
seen in radiomaps (Sakano et al. 2003; Lu et al. 2003; Yusef-Zadeh
et al. 2005). These features are coincident with the brightest parts
of the radio-emitting shell, which are referred to as E and F byHo
et al. (1985; see also Fig. 7).We also find four filamentary features
associated with the Sgr A East supernova remnant: G359.962
0.062,G359.9650.056, G359.9640.053, andG359.9560.052
(sources 13, 11, 10, and 6, respectively, in Table 2). Of these fea-
tures associated with supernova remnants, we can put strict upper
limits to the equivalent width of iron emission for G359.956
0.052 and G359.8890.081 of <70 and <30 eV, respectively,
which strongly suggests that they are nonthermal. The X-rays are
probably synchrotron emission from TeVelectrons (Yusef-Zadeh
et al. 2005), which could occur in parts of remnants where the
shock velocity is high and the ambient density is low, so that par-
ticles are efficiently accelerated (e.g., Vink et al. 2006). Supernova
shocks therefore can explain 5 of the 26 streaks.
3.3. Nonthermal Radio Filaments
At least one nonthermal radio filament has been identified with
X-ray emission in the central 100 pc of the Galaxy, but outside of
Fig. 7.—Radio image taken at 6 cm with the VLA (Yusef-Zadeh & Morris 1987), covering the central portion of the Chandra image where most of the diffuse X-ray
features are found. The diffuse X-ray features are marked in either black or white. For readability, two sources are marked with their numbers from Table 2: G359.9560.052
(source 6) and G359.9650.056 (source 11). The beam size for the radio image is 3:400 ; 2:900.
8 The 8 keV plasma may be produced by faint, unresolved point sources
(Revnivtsev et al. 2007).
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our deep images of the central 20 pc: G359.54+0.18 (Lu et al.
2003). This confirmed nonthermal filament produces a flux den-
sity of 150 mJy at 6 cm over the region that also emits X-rays. If
we assume an ¼ 0:8 spectrum, the estimated radio luminosity
of G359.54+0.18 between 107 and 1011Hz isLR¼ 5 ;1032 erg s1,
compared to an X-ray luminosity of LX ¼ 2:4 ; 1033 erg s1 (0.2–
10 keV; Lu et al. 2003). In our image, however, only one diffuse
feature that is not associated with a supernova remnant has a
firm radio counterpart: G359.9590.027 (source 14 in Table 2).
Its X-ray luminosity is LX ¼ 6 ; 1032 erg s1 (2–8 keV). In
Figure 7 (Yusef-Zadeh & Morris 1987), the feature has a flux
density of 20  3 mJy, which for the same assumed radio
spectrum as above implies that LR ¼ 2 ; 1031 erg s1. A sec-
ond nearby feature with a similar size, spectrum, and even ori-
entation, G359.9700.008 (see Fig. 2, panel 5; source 22 in
Table 2), also has a marginal radio counterpart with a flux of
1:2  0:4 mJy. For this source we find LX ¼ 6 ; 1032 erg s1
(2–8 keV) and LR  9 ; 1029 erg s1. Therefore, a couple of the
streaks could be counterparts to nonthermal radio filaments,
although the relative amount of radio and X-ray flux appears
highly variable.
3.4. Pulsar Wind Nebulae
The final conventional explanation for the X-ray streaks is that
they could be pulsar wind nebulae. Two candidate pulsar wind
nebulae in this field have been discussed in the literature. Wang
et al. (2006) have demonstrated that the spectral and morpho-
logical properties of G359.9450.044 (source 1 in Table 2) re-
semble a pulsar wind nebula, and they have suggested that it
is the source of the TeV emission that originates near Sgr A
(Aharonian et al. 2004). This source is included in our catalog.
Park et al. (2005) have identified the point source CXOGC
J174545.5285829 as another candidate pulsar on the basis of
its featureless nonthermal spectrum, its lack of long-term vari-
ability, and the detection of a faint extended tail that may rep-
resent a bow shock formed by the wind nebula. This object is not
in our catalog, because the faint nebulosity was not identified by
ourwavelet algorithms (see x 2.1). From this newwork, one bright
feature has a morphology that makes it an especially attractive
candidate to be a pulsar wind nebula: G0.0320.056 (source 29 in
Table 2), which has a bright head producing about half its flux and
a long tail that curves to the northwest.
Pulsar wind nebulae are formed when a wind of particles that
is powered by the rotational energy of the neutron star encoun-
ters the ISM. The resulting shock accelerates the particles further,
causing them to radiate synchrotron emission (see Gaensler &
Slane 2006 for a review). These wind nebulae have diverse mor-
phologies, which depend on how the pulsar wind interacts with
the surrounding supernova remnant, how far the pulsar travels
during the lifetime of the electrons in thewind nebula, andwhether
the pulsar is moving supersonically with respect to the ISM. In the
Galactic center, few of the pulsars are likely to be moving highly
supersonically. Most of the region is probably suffused with hot
kT  0:8 keV plasma with densities of n  0:1 cm3, which im-
plies that the sound speed of the ISM is500 km s1 (Muno et al.
2004a).9 In contrast, the mean three-dimensional velocities of
known radio pulsars are400 km s1 (e.g., Hobbs et al. 2005;
Faucher-Gigue`re & Kaspi 2006), and only 2 of the 169 pulsars
in Hobbs et al. (2005) have measured transverse velocities of
>800 km s1, which, if we assume that the velocities are iso-
tropic, would translate to expected three-dimensional velocities
of >1000 km s1. Pulsars will only be highly supersonic (Mach
numbers of >2) in regions of the ISM that are dense and cool,
such as those near molecular clouds. Therefore, we would not
expect bow-shock nebulae to be common (although see Park et al.
2005). Nonetheless, the complex morphologies we observe could
be explained by interactions between wind nebulae and unseen
supernova remnants (e.g., Gaensler et al. 2003), or if the proper
motion of the pulsar moves the particle acceleration region faster
than the electrons can cool (e.g., SN G371.11.1 in Gaensler &
Slane 2006). The characteristic sizes of known pulsar nebulae are
between 1017 and 1019 cm (Cheng et al. 2004), which, at the Ga-
lactic center (D ¼ 8 kpc), would have angular sizes of 0.800–8000.
This bounds the sizes of the features we observe.
Moreover, the X-ray luminosities of the diffuse features in the
Galactic center are consistent with those of known pulsar wind
nebulae. Galactic pulsar wind nebulae have X-ray luminosities
that are as large as 1037 erg s1 (2–10 keV); typically, 103
of the spin-down energy E˙ is emitted as X-rays (e.g., Becker &
Tru¨mper 1997; Cheng et al. 2004; Gaensler & Slane 2006). The
diffuse features in our survey all have luminosities of LX  1032–
1034 erg s1, which would imply spin-down luminosities of E˙ 
1035–1037 erg s1. There are86 known pulsars with values of E˙
in this range.Most of these energetic pulsars have ages ofP105 yr,
although 7 of the100 known recycled millisecond pulsars have
values of E˙ that are this high (Manchester et al. 2005).10
ManyGalactic pulsar wind nebulae are luminous at radio wave-
lengths, and yet we find that most of our X-ray sources do not
have radio counterparts. The limits to their flux densities at 6 cm
areP3 mJy (Table 2 and Fig. 7). If we assume a standard pulsar
wind spectrum with a logarithmic slope of  ¼ 0:3 between
107 and 1011 Hz, our typical limit of 3 mJy corresponds to LR 
1031 erg s1, or between 101 and 103 of the X-ray luminosity.
This would translate to (104 106)E˙. For comparison, the
youngest, most energetic Galactic pulsars are detected with LR 
104E˙. However, for E˙P 1036 erg s1, a few pulsars have LRP
105E˙ (Frail & Scharringhausen 1997; Gaensler et al. 2000); of
the 30 pulsars that have been reasonably well studied at X-ray
(Becker & Tru¨mper 1997; Cheng et al. 2004) and radio (Frail &
Scharringhausen 1997; Gaensler et al. 2000) wavelengths, 5 stand
out as having wind nebulae with LX > 10
32 erg s1 and LRP
(105 107)E˙: PSR B104658 (Gonzales et al. 2006), PSR
B182313 (Gaensler et al. 2003), PSR B0355+54 (McGowan
et al. 2006), PSR B170644 (Gotthelf et al. 2002; Romani et al.
2005), and possibly PSR J11056107 (Gotthelf & Kaspi 1998).
The sources in our sample that are either bright in X-rays or that
have strict limits to their radio fluxes would have to be analogous
to these radio-faint pulsars.
Given that the lack of radio detections can be reconciled plau-
sibly with the known properties of pulsars, we next examine
whether we should expect enough energetic pulsars in theGalactic
center to account for the number of diffuse features that we ob-
serve. Wang et al. (2005) and Cheng et al. (2006) have considered
whether recycled millisecond pulsars in the Galactic center could
contribute to these X-ray features. On the basis of the inferred
population of Galacticmillisecond pulsars (Lyne et al. 1998), they
estimate that200 could be present in our survey region. If, on the
basis of the catalog of Manchester et al. (2005), 10% of the9 We ignore the 8 keV plasma here for two reasons. First, it would imply a
higher ambient sound speed, and therefore bow-shock nebulae would be even less
likely to form. Second, it may be produced by unresolved point sources (Revnivtsev
et al. 2007).
10 Taken from the online catalog at http://www.atnf.csiro.au /research /pulsar /
psrcat/.
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millisecond pulsars have E˙ > 1035 erg s1, they also could con-
tribute 20 objects to the diffuse features at the Galactic cen-
ter. These pulsars would generally be traveling rather slowly
(v  130 km s1; Lyne et al. 1998) relative to the sound speed
of the0.8 keV plasma that takes up most of the volume of the
ISM at the Galactic center (Muno et al. 2004a), but they could
form extended nebulae if they encountered regions of the ISM
with relatively low sound velocities (kT P0:1 keV). The fil-
ling factor of this cooler ISM is unknown, but if it is k10%, a
handful of millisecond pulsars could produce extended diffuse
features.
Most of the known energetic pulsars with wind nebulas are
young and are still interacting with their supernova remnants.We
concentrate on these as the best candidates for the diffuse X-ray
features. Figer et al. (2004) modeled the infrared color-magnitude
diagrams of stars in several fields toward the Galactic center, and,
assuming an initial mass function (IMF) of the form dN / M0:9
for stars with masses between 0.1 M and 120 M,
11 concluded
that the star formation rate in the inner 30 pc of the Galaxy is
0.02M yr1. If we assume that radio pulsars form from stars with
initialmasses between 8 and 30M (e.g., Brazier& Johnston 1999;
Heger et al. 2003; but see Figer et al. 2005;Muno et al. 2006), then
they would form at a rate of 2 ; 104 yr1.
However, the supernovae that produce pulsars provide them
with kicks, so the loss of pulsars as they move out of the Galactic
center will also limit the number of pulsar wind nebulae observ-
able there (e.g., Cordes & Lazio 1997).12 There is still debate
as to the three-dimensional velocity distribution of pulsars (e.g.,
Arzoumanian et al. 2002; Hobbs et al. 2005; Faucher-Gigue`re &
Kaspi 2006), so we have adopted a simplified approach to esti-
mate the number of pulsars remaining within the 80 (20 pc) radial
bound of our image, based on the observed tangential velocities
for 169 radio pulsars that were tabulated by Hobbs et al. (2005).
We assume that a pulsar would remain in our image if the product
of its tangential velocity v and its lifetime t is less thanD ¼ 20 pc.
Using the data in Hobbs et al. (2005), we can compute the frac-
tion of known pulsars in that sample that have traveled a projected
distance of D < 20 pc at a given age t, which we call f (t). If
pulsars are born at a constant rate of R ¼ 2 ; 104 yr1 and are
bright pulsar wind nebulae for a time tbright, then the number of
nebulae in our image is roughly
N ¼ R
Z tbright
0
f (t) dt: ð2Þ
For tbright ¼ 100 kyr, we find that only pulsarswith v > 200 km s1
may have time to escape, and that out of every 20 pulsars born,
roughly 14 would remain within our image. If tbright ¼ 300 kyr,
pulsars with v > 70 km s1 may escape, so that 29 out of every
60 pulsars would remain. In this estimate, we have not considered
that some pulsars will be gravitationally bound to the Galactic
center. If we use the enclosed mass given in Genzel et al. (1996),
11 This IMF is flatter than is usually assumed for the Galactic disk (e.g.,
Kroupa 2002), but we do not expect this to be a large source of uncertainty, be-
cause themodels were generated to reproduce the number of luminous, and there-
fore relatively more massive, stars (Figer et al. 2004).
Fig. 8.—Chandra image of the central 3000 around SgrA, at 0.500 resolution. Thewhite line pointing toward the southeast away fromSgrA runs parallel to a jetlike feature
that was identified using our wavelet analysis (G359.9440.052; source 3 in Table 2). The jet becomes noticeable at an offset of 1000 from Sgr A.
12 Pfahl & Loeb (2004) discuss millisecond radio pulsars that are 108 yr old
located within 0.02 pc of Sgr A. These have higher escape velocities and would
be retained, but they would be faint and confused with Sgr A and so would not
be detected in our X-ray survey.
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the escape velocity froma radius of 10 pc is only vesc  200 kms1.
Therefore, if tbright is significantly longer than 100 kyr, then the
fraction of pulsars retained in the Galactic center would be larger
thanwe estimate (66%of pulsars have tangential velocities smaller
than 200 km s1, although many of these will have larger three-
dimensional velocities). For comparison, if we consider candidate
pulsar wind nebulae to be those features that (1) exhibit no evi-
dence for iron emission and (2) are not obviously associated with
supernova remnants already detected in the radio, then there are
also 20 of them in our image. This is consistent with the num-
bers we expect if pulsars produce wind nebulae for 100–300 kyr
after their birth.
3.5. A Jet from Sagittarius A?
Finally, we note that one of the X-ray features may be a jet
produced by Sgr A: G359.9440.052 (source 3 in Table 2). We
highlight this source in particular in Figure 8. The object is about
1500 long and is unresolved along its short axis. Our hypothesis
that it is a jet is motivated by the fact that its position angle points
within 2

of Sgr A. From a visual inspection of the rest of our
image,we find only one candidate feature that is similarly long and
thin [located at (R:A:; decl:) ¼ (266:37688;29:04517)], but
this feature is not picked up by the automated wavelet search
based on thework of Starck et al. (2000) because it is half as bright
as G359.9440.052. The candidate jet is found by both of our
wavelet algorithms, so we believe that this feature is unlikely to
be an artifact produced by a chance alignment of point sources
or by Poisson variations in the diffuse background. The feature
has a flat spectrum of slope  ¼ 0:2  0:3 and an absorption
column within 1  of the average toward the Galactic center,
NH ¼ (5  2) ; 1022 cm2. Its luminosity isLX ¼ 2 ; 1032 erg s1
(2–8 keV).
The candidate jet is not detected in the radio, with an upper
limit of <45 mJy at 6 cm (5 GHz). The radio upper limit is not
constraining because the feature lies along the line of sight toward
bright, diffuse radio emission. The relative strength of the radio
and X-ray emission from the synchrotron-emitting jets of quasars
can be quantified using the logarithmic slopeRX ¼ log (SX/SR)/
log (X/R), where SX and SR are the X-ray and radio flux densities
and X and R are the frequencies at which the flux densities are
computed. From the values in Table 3, SX ¼ 0:3 nJy at X ¼
2:4 ; 1017 Hz (1 keV). Therefore, we can only constrain RX <
1:1. For comparison, the quasars in the sample of Marshall et al.
(2005) have values of RX between 0.9 and 1.1. Therefore, one
would need radio observations with a sensitivity of <1 mJy to
make a useful comparison between the putative jet feature near
Sgr A and quasar jets. Further observations are warranted to de-
terminewhether G359.9440.052 is a jet of synchrotron-emitting
particles that is flowing away from Sgr A.
4. CONCLUSIONS
There are several processes that appear to produce diffuseX-ray
features in the Galactic center: X-rays scatter off gas in molecular
clouds and cause them to fluoresce, supernova shocks produce
X-ray–emitting TeVelectrons when they propagate through low-
density ISM, and nonthermal radio filaments produce X-rays
through a mechanism that is still not understood.
However, we propose that the majority of the diffuse X-ray
features are pulsar wind nebulae. A significant number of pulsars
are expected at the Galactic center, but because of the high dis-
persionmeasure along the line of sight, only two have so far been
reported there in the radio (Johnston et al. 2006). X-ray identi-
fications of pulsar wind nebulae bypass the problem of the dis-
persion measure and in addition are sensitive to pulsars that are
not beamed toward our line of sight. Therefore, the identification
of 20 X-ray features that are candidate pulsar wind nebulae is
consistent with a basic prediction about the number of massive
stars that have recently ended their lives in the Galactic center.
However, at the moment we lack identifications of most of these
features at other wavelengths, so further multiwavelength studies
are required to confirm our hypotheses.
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on behalf of the National Aeronautics and Space Administration
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